Background: Alzheimer's disease (AD) is a progressive neurodegenerative disorder.
Introduction
Alzheimer's disease (AD) is a progressive neurodegenerative disorder.
Pathologically, AD is characterized by extracellular aggregation of amyloid-beta into senile plaques and hyper-phosphorylated tau protein accumulation in intraneuronal neurofibrillary tangles (Beach et al., 2012) . Clinically, AD is characterized by progressive cognitive decline that typically presents with memory loss as the initial and primary concern (Alzheimer's Association, 2014). Worldwide, approximately 47.5 million individuals are living with dementia, the majority of which suffer from Alzheimer's disease (World Health Organization, 2016) .
Emerging research has focused on the identification of biomarkers that will assist with early diagnosis of AD and allow for the evaluation of potential disease modifying treatments (Dubois et al., 2010) . Considerable effort has been devoted to the development of PET molecular neuroimaging biomarkers of amyloid and tau in AD (e.g. Wang et al, 2016) , however, magnetic resonance imaging (MRI) continues to offer a non-invasive and easily repeatable method of examining neuropathological changes associated with AD. To date, the majority of MRI-based research in AD has focused on tissue loss in grey matter structures (Cash et al. 2014) . These findings indicate widespread whole brain grey matter atrophy in individuals with AD, including enlarged ventricles and decreased hippocampal volume (Gold, 2012; Hampel et al., 2014; Perl, 2010; Teipel et al., 2010; ) .
In terms of white matter changes, the Amyloid Cascade Hypothesis (Hardy & Higgins, 1992) suggests that axonal degeneration arises as a result of Wallerian degeneration.
However, the close association of tau with both axonal integrity and with the cognitive symptoms of AD suggests that white matter changes may occur independently and A C C E P T E D M A N U S C R I P T 5 perhaps prior to changes in grey matter. Furthermore, the retrogenesis model proposed by Bartzokis et al. (2007) hypothesizes that white matter degeneration in AD follows a reverse pattern to that observed in early myelination. These ideas lend support to the notion of white matter changes in AD as biomarkers that may be particularly helpful in earlier identification of AD (see Amlien & Fjell, 2014 for a review).
One promising tool to detect early white matter alterations in the brain is diffusion tensor imaging (DTI; Alexander et al., 2007; Soares et al., 2013) . Currently, fractional anisotropy (FA) and mean diffusivity (MD) are the most frequently reported DTI metrics (Amlien & Fjell, 2014) . FA is a measure of the degree of directionality of water diffusion, thought to be driven by microstructure such as cellular boundaries and myelin (Alexander et al., 2007; Amlien & Fjell, 2014; Soares et al., 2013) , while MD is a measure of the mean water diffusion rate (Soares et al., 2013) . These metrics can provide information regarding changes or differences in restriction to diffusion that may reflect myelination and axonal integrity. Specifically, decreases in FA and increases in MD are indicative of decreased myelination and loss of axons, as a consequence of neurodegeneration (Bosch et al., 2012; Kantarci, 2014; Serra et al., 2010) .
The majority of published AD research has used a cross sectional design and consistently revealed low FA and high MD in widespread white matter regions including the frontal, parietal, and temporal lobes (including hippocampal regions), as well as the corpus callosum and longitudinal association tracts (Acosta-Cabronero & Nestor 2014; Sexton et al., 2011; Stebbins & Murphy, 2009; Stoub, et al., 2014) . Microstructural water diffusion changes are not unique to AD, however. In fact, some of these changes occur during the healthy aging process. For example, Burzynska and colleagues (2010) ACCEPTED MANUSCRIPT A C C E P T E D M A N U S C R I P T 6 examined DTI indices from young and older adults and found an age-related reduction in FA within a number of white matter structures. These findings are consistent with recent reviews that discuss degeneration of white matter tracts with age, which may result from cerebrovascular changes or other common underlying health conditions (e.g. Lockhart & DeCarli, 2014) .
Recent studies that have utilized a longitudinal design to investigate microstructural changes in AD via DTI have revealed decreased FA in the uncinate fasciculus (Kitamura et al., 2013) as well as FA and MD changes in the fornix, corpus callosum, and inferior cingulum, over time in individuals with AD (Genc et al., 2016; Norwrangi et al., 2013; ) .
The current study is the first to use the Alzheimer's Disease Neuroimaging Initiative (ADNI) database to investigate changes in diffusion tensor imaging (DTI) metrics over time. The ADNI database has collected and made available DTI data from individuals with AD and healthy controls at multiple sites across North America. The overarching aim of the current study was to determine if DTI, as a measure of microstructural white matter integrity, has potential as a biomarker of AD. The study had two specific objectives: 1) to examine within-group microstructural white matter changes in individuals with AD and healthy controls at baseline and year one; and 2) to evaluate between-group differences in individuals with AD and healthy controls at both time points. It was hypothesized that 1) individuals with AD would have decreased FA and increased MD across time and that 2) individuals with AD would have lower FA and higher MD as compared to healthy controls at both time points. A whole brain exploratory approach was taken to capture differences between groups in any region, however, it was predicted that medial temporal regions would be more greatly affected in
AD, compared to healthy controls, given that this is one of the first affected regions in the progression of AD grey matter pathology (Braak & Braak, 1991; Gold, 2012; Hampel et al., 2014; Perl, 2010; Teipel et al., 2010) .
Method and Materials
All data were obtained from the Alzheimer's Disease Neuroimaging Initiative 2 
Participants
Full eligibility criteria for the ADNI are described in the ADNI2 procedures manual Individuals from the ADNI database were included in the present study if data was available at both baseline and year one. Data were retrieved from 34 individuals with
AD (mean age = 75.8 ± 7.6; 10 females; MMSE = 23.59 ± 1.74; Logical Memory II = 1.65 ± 1.94,) and 33 healthy age-matched controls (mean age = 73.0 ± 6.6; 16 females; MMSE = 29.03 ± 1.26, Logical Memory II = 11.70 ± 2.84). There were no significant differences between the two groups with respect to age, gender, or education (Table 1 ).
The mean number of days from baseline to year one was not significantly different between groups (394 ± 25 for AD, and 403 ± 54 for healthy controls). 
Image Acquisition
MRI data were downloaded from the ADNI2 database. All participants underwent whole-brain MRI scans according to the ADNI protocol. Images were acquired from 3T http://fsl.fmrib.ox.ac.uk; Smith et al., 2004) . Diffusion weighted images were corrected for eddy current distortions and head movement using Eddy Correct and non-brain tissue was removed using Brain Extraction Tool (Smith, 2002) . Brain-extracted images were then visually inspected to confirm accurate results.
Image analysis.
FA maps were created using DTIfit and input into Tractbased Spatial Statistics (TBSS) to obtain a projection of all participants' FA data onto a mean FA skeleton (Smith et al., 2006) . First, all participants' FA data were non-linearly aligned to a common space (FMRIB58_FA). Then, the mean FA image was created and thresholded (FA > 0.2) to create the mean FA skeleton. Next, each participant's FA data was projected onto the thresholded mean FA skeleton. Voxelwise statistical analysis of the white matter skeleton was performed using Randomise, FSL's nonparametric permutation inference tool. Threshold free cluster enhancement was used to correct for multiple comparisons (p < .05). TBSS was also performed for MD; non-linear registration estimated from the FA images was applied to MD data and each participant's MD image was projected onto the mean FA skeleton before applying voxelwise statistics.
Statistical comparisons.
Within-group comparisons were made for individuals with AD from baseline to year one, and for healthy controls from baseline to
year one. Additionally, between-group contrast comparisons were made between individuals with AD and healthy controls at both baseline and at year one. White matter regions were identified with Johns Hopkins University's white matter atlas available in FSL (Mori et al., 2008; Wakana et al., 2007) .
Results

Within-group Microstructural White Matter Changes in Individuals with AD and Healthy Controls at Baseline and Year One
The within-group FA analysis showed that individuals with AD had reductions in FA in multiple regions, including the hippocampal cingulum, at year one compared to baseline (Table 2 ; Figure 1A ). Healthy controls also had reduced FA in similar regions across time, but these alterations were less extensive (as is visible in Figure 1 ), and did not include the hippocampal cingulum ( Figure 1B ). There were no significant increases in FA at year one compared to baseline in either group. The within-group MD analysis showed that individuals with AD also had increased MD in multiple regions including the hippocampal cingulum at year one compared to baseline (Table 2; Figure 2A ). Healthy controls also had increased MD at year one compared to baseline, but once again, these alterations were less extensive than in AD, and did not include the hippocampal cingulum ( Figure 2B ). There were no significant decreases in MD at year one compared to baseline in either group. 
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Between-group Differences in Individuals with AD and Healthy Controls at Baseline and Year One
At baseline, between-group TBSS revealed that individuals with AD had lower FA relative to healthy controls (Table 3; Figure 3A ). At year one, individuals with AD also had lower FA relative to healthy controls, and these alterations appeared more widespread than at baseline ( Figure 3B ). 
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The between-group TBSS also revealed that individuals with AD had higher MD relative to healthy controls at baseline (Table 3; Figure 4A ). At year one, individuals with AD had higher MD relative to healthy controls in similar regions as baseline, but there were also patterns of higher MD in the hippocampal cingulum, not seen at baseline 
Discussion
The current study is the first to examine longitudinal white matter changes using DTI data from the ADNI2 cohort. DTI indices of FA and MD were focused on in the current study, given that these are the most commonly reported metrics and can be interpreted in the context of recent literature (Amlien & Fjell, 2014) .
The primary objective of the current study was to examine longitudinal white matter changes in individuals with AD and healthy aging. Significant changes in FA and MD were observed both in individuals with AD as well as in healthy controls at one year follow up. As expected, individuals with AD demonstrated decreased FA and increased MD in widespread white matter tracts (see Table 2 and Figures 1 and 2) , including the hippocampal cingulum at year one compared to their baseline assessment. While healthy controls also exhibited decreased FA and increased MD in widespread white matter tracts (see Table 2 and Figures 1 and 2 ), these changes were less extensive than those observed in AD participants. Furthermore, healthy controls did not demonstrate FA or MD changes in the hippocampal cingulum as were observed in those with AD. Thus, the relatively widespread changes in larger white matter tracts seen in healthy controls may reflect agerelated health factors such as vascular risk factors and the accumulation of other comorbid health conditions (e.g., Vassilaki et al., 2016) . However, changes in microstructural integrity for the hippocampal cinguluum over short time intervals (i.e. one year) may more specifically reflect ongoing degenerative process due to AD.
The second objective of the current study was to investigate between-group differences in individuals with AD and healthy controls at both baseline and year one. As predicted, significant between-group differences in FA and MD were observed in A C C E P T E D M A N U S C R I P T 21 multiple regions at both time points (Table 3 , Figures 3 and 4) , including regions of the medial temporal lobe (e.g., hippocampal cingulum). Such between-group white matter differences are in line with previous cross-sectional studies that have observed DTI alterations in the same regions (i.e. corpus callosum, superior or inferior longitudinal fasciculus; cingulate; cingulum; fornix; and uncinate fasciculus) when comparing individuals with AD to age-matched healthy controls (Agosta et al., 2011; Bosch et al., 2012; Douaud et al., 2011; Lim et al., 2012; Liu et al., 2011; Parente et al., 2008; Salat et al., 2010; Serra et al., 2010; Shu et al., 2011; Sousa Alves et al., 2012; Stricker et al., 2009 ). Lower FA and higher MD in AD relative to controls at each time point likely reflects the more extensive and pathological neurodegeneration observed in AD. In particular, lower FA and higher MD in the hippocampal region is consistent with the early pathological progression of AD (Braak & Braak, 1991; Hampel et al., 2014) as well as memory loss as an initial and primary concern (Alzheimer's Association, 2014).
Although there have been few longitudinal DTI studies on individuals with AD, our findings are largely consistent with those published to date (Genc et al., 2016; Kitamura et al., 2013; Norwrangi et al., 2013) , demonstrating that such findings may be generalizable across AD populations -especially, given ADNI's multi-site collection.
Furthermore, these findings are consistent with the pathological progression observed in AD. In particular, the observed decreases in FA and increases in MD likely reflect the progressive loss of the water diffusion-restricting barriers in white matter (e.g., decreased level of myelination, loss of axons) as a consequence of neurodegeneration (Bosch et al., 2012; Kantarci, 2014; Serra et al., 2010) . Currently, the mechanisms underlying white matter pathology in AD are not well understood. It is hypothesized that some damage to ACCEPTED MANUSCRIPT A C C E P T E D M A N U S C R I P T 22 white matter may occur secondarily to grey matter pathology via Wallerian degeneration, but additional white matter alterations may also occur independent from grey matter pathology, as put forth by the retrogenesis hypothesis, for example (Amlien & Fjell, 2014; Bartzokis et al., 2007) .
In summary, the current whole brain DTI study found evidence of a higher rate of decline in FA and increase in MD over approximately one year in individuals with AD versus matched healthy controls. These differential changes were seen in a number of white matter regions that correspond to regions know to be affected in AD. Importantly however, these DTI changes were evident in the hippocampal cingulum only in those with AD and not healthy controls, a finding that is consistent with the known pattern of progression of AD pathology in the grey matter of medial temporal regions (Braak & Braak, 1991) . Volume reduction in the hippocampal grey matter is well documented in previous AD research (Hampel et al., 2014) . The current findings suggest there are microstructural alterations in hippocampal white matter as well. It is currently unknown whether microstructural changes can be detected earlier than volumetric changes. Thus, future work should focus on both hippocampal grey and white matter, given that the observed hippocampal changes appear specific to AD relative to aging.
A potential limitation of the current study concerns the criteria used to diagnose AD. There are varying definitions of AD, and the inclusion/exclusion criteria may differ across studies, making cross-study comparisons and generalizations to all individuals with AD challenging. Furthermore, there is heterogeneity in the ADNI AD sample; disease stage may not be equivalent in the baseline scans and there is no pathological verification of diagnosis for all members of the AD cohort.
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White matter hyperintensities (WMH) of presumed vascular origin were not accounted for in the current analysis. This represents a potential limitation as WMH are common in older adults and have been shown to be related to lower FA and higher MD relative to normal appearing white matter (e.g., Munoz Maniega et al., 2015) . However, the ADNI database has previously been shown to have participants with lower levels WMH relative to other large-scale data sources (Ramirez et al., 2016) . Future DTI studies in aging populations may consider including WMH to overcome this limitation.
Additionally, although the ADNI2 database includes neuroimaging data from individuals diagnosed with mild cognitive impairment (MCI), the current study did not examine this group, as the primary objective was to characterize white matter in AD, specifically. Approximately 10 to 15 percent of individuals with MCI progress to AD annually (Gong et al., 2013) , in contrast to the 1 to 2 percent of healthy older adults who progress to AD per year (Petersen, 2004) . Thus, future studies of longitudinal DTI changes in those with MCI may be helpful in determining whether the DTI changes noted in our AD sample represent sensitive and specific neuroimaging biomarkers of AD pathophysiologic processes in individuals in the prodromal stages of this disease. It is important to recognize that MCI cannot be considered synonymous with early AD (Balthazar et al., 2009) . As noted by Dubois (2000) , MCI applies to a heterogeneous group of aging adults with cognitive concerns, regardless of the underlying etiology or symptom progression. Future studies are likely to require relatively large and wellcharacterized study samples, longer follow up periods to adequately observe conversion from MCI to AD, as well as multimodal imaging protocols in order to adequately address this issue.
Data collection for ADNI2 is currently ongoing. As new data are added to the database, the current findings should provide support for additional analyses of DTI white matter changes to assist in the development of potential biomarkers of AD. Future studies that draw from the ADNI database will benefit from these multi-year longitudinal data (up to five years). Not only will the number of participants in each study group grow as additional participants are recruited, the trajectory of the disease progression can be better tracked across longer time periods as data collection with the current cohort continues.
Conclusion
A major focus of research on AD centres on the investigation of biomarkers. To date, most studies have focused on changes in grey matter and taken a cross sectional approach. The current study is the first to examine longitudinal white matter changes using the ADNI2 cohort. The results revealed that changes in FA and MD occurred over a one year period in both patients with AD and healthy controls, although the changes were more extensive in AD and more specific to the medial temporal lobe. DTI holds potential as an AD biomarker though multi-year tracking of brain imaging and AD clinical signs at different diagnostic stages are needed to fully evaluate its clinical utility.
Ultimately, better characterization of longitudinal microstructural white matter changes may lead to pre-symptomatic detection and better outcomes for individuals with AD. 
